Abstract. The structural, optical, and spectroscopic properties of new Tm 3+ : Lu 2 O 3 laser ceramics are studied. The average size of a ceramic grain (crystallite) is found to be 540 -560 nm. The absorption spectrum measured in the near-IR region shows that this ceramics can be pumped by commercially available laser diodes at wavelengths of 796 and 811 nm. The high-transmission region of the ceramics in the mid-IR region extends to 7 mm. Investigations of the luminescence spectrum in the region of 1. 
Introduction
The two-micron (1.9 - 2.1 mm) lasers are widely used in medicine (surgery, urology, ophthalmology, angioplasty, arthroscopy, etc.), remote probing of the atmosphere, ecological monitoring, plastic processing, and other fields [1 - 3] . In addition, lasers emitting at wavelength l > 2 mm are ideal sources for pumping mid-IR (3 - 6 mm) optical parametric oscillators (OPOs) based on, for example, ZnGeP 2 crystals [4] .
At present, two-micron laser radiation is obtained using lasers based on Ho 3+ -and/or Tm 3+ -doped crystals or silica fibres [1, 5, 6 ]. An advantage of holmium solid-state and fibre lasers is that they can operate at long wavelengths (at l ~ 2.1 mm), but, for efficient pumping of these lasers, it is necessary to use radiation at l ~ 1.9 mm, which requires creation of special pump lasers. Thulium lasers, in which the upper laser level is populated by cross-relaxation, can be pumped by diodes with l ~ 800 nm [5] . However, these lasers operate, as a rule, at a wavelength shorter than 2 mm, which limits the field of their application (for example, in OPOs).
In recent publications, it was reported on diode-pumped (l = 796 nm) lasers based on thulium-doped sesquioxide crystals Tm 3+ : Lu 2 O 3 and Tm 3+ :Sc 2 O 3 , which demonstrated efficient high-power lasing at l = 2065 and 2116 nm, respectively [1, 7 - 9] . Unfortunately, these single crystals are difficult to produce (by the Kyropoulos or heat-exchange methods) due to a high melting temperature (~ 2450 °С), and, at present, are grown only in one laboratory in the world (Institute of Laser Physics, University of Hamburg, Germany) [1, 7 - 10] . An alternative method of production of sesquioxide active elements is sintering of ceramics. ions [11 - 20] . The present work is devoted to the study of the structural, optical, and spectroscopic properties of new Tm 3+ :Lu 2 O 3 laser ceramics, which is produced for the first time by Konoshima Chemicals Co. (Japan) by our request. We also study lasing in this ceramics.
Study of the ceramic structure using a scanning electron microscope
We studied the structure of grains (crystallites) in Tm 3+ : Lu 2 O 3 ceramic samples (with a thulium concentration of 2 at. %) in the form of cylindrical plates ~ 3 mm thick and 20 mm in diameter with both faces polished (Fig. 1) . The study was performed using a Jeol JSM-6490 (Jeol, Japan) scanning electron microscope. The samples were attached to a substrate by a conductive adhesive tape without special procedures for removing electrostatic charges. This ensured the absence of distortions of information that could be caused by deposition of a conducting layer. Note that the electron-beam charging of samples leads to light-striking of some regions of the sample, which negatively affects the total image quality. To minimise this effect, the samples were photographed at the minimum accelerating voltage and spot size to ensure a required resolution.
Structural
The obtained images allow us to reveal the structural features of the studied ceramic samples (Fig. 2) . It is known that the Lu 2 O 3 crystal has a cubic crystal lattice [10] . The visible differences in the electron microscope signals can be caused by random orientations of crystallographic axes in ceramic crystallites.
The images recorded by the electron microscope show that the ceramics has a dense structure and the grains have an equiaxed shape and slightly differ in size. The grain sizes were calculated using the chord length measurement method [21] . We analysed eight regions of the ceramic sample, the number of analysed crystallites in each region being no less than 80. The grain size distribution is well approximated by a log-normal distribution function of the form
where d is the grain size in micrometers; a = 0.0915; m = -0.59; and s = 0.34. The histogram of the grain size distribution and the approximating function are presented in Fig. 3 . The average grain size determined by the maximum of distribution (1) is 535 nm.
Investigation of the ceramics structure with an atomic force microscope
The surface morphology of the ceramics was studied using a Solver Pro (NT-MDT, Zelenograd, Russia) atomic-force microscope (AFM). These investigations were performed under atmospheric conditions in a contact regime using NSG01-DLC (NT-MDT) silicon cantilevers with the nominal tip radius of curvature R < 3 nm. The maximum resolution of the AFM measurements was 3 nm in the surface plane and 1 nm in height. The AFM data were processed using special softwares СЗМ NT-MDT Nova Image Analysis 2.0 and SPMLab Analysis Only 5.01 (Veeco Instruments, US). Before the measurements, the sample surface was etched for 10 min in a 1:2 HF - HNO 3 acid mixture heated to 60 °C.
Based on processed AFM images of the surface, we calculated the average grain size and its rms deviation and plotted the grain size distributions (Figs 4, 5). To calculate the average grain size, we used the same chord length measurement method [21] . The grain size distribution was also approximated by the log-normal distribution function (1) with the parameters a = 0.062, m = -0.61, and s = 0.34. The average grain size determined by the maximum of distribution (1) was found to be ~562 nm. It should be noted that, except for grain boundaries, we did not observe other structural defects (inclusions, local formations, or pores) in the studied samples using both the scanning electron microscope and the AFM. Based on the images obtained by the electron microscope and AFM, we may conclude that the characteristic size of pores at the crystallite boundary is more than two orders of magnitude smaller than the characteristic grain size. However, the finite resolution of our devices does not allow us to estimate the sizes of boundary pores more precisely.
Note that the average grain size (~0.5 mm) estimated by the AFM images within the rms deviation coincides with the estimate obtained by processing the electron-microscope image. These estimates correspond to the concept of optimum crystallite sizes desired by producers of sesquioxide ceramics [22] . The submicron size of grains and the nanometer size of boundary pores lead to low scattering losses of IR light in ceramics [23, 24] . We can also note that the size of crystallites in the Tm 3+ : Lu 2 O 3 ceramics considerably differs from the size of crystallites in the best samples of Y 3 Al 5 O 12 ceramics, which varies from a few to tens micrometers (see, from example, [24 - 26] ).
Study of the absorption spectrum
The absorption spectrum of Tm 3+ : Lu 2 O 3 ceramics within the range l = 500 - 2500 nm was measured by a Perkin-Elmer Lambda 9 (Perkin-Elmer Inc.) spectrophotometer with a step of 0.2 nm. Based on our measurements of the sample transmittance T(l) and taking into account the Fresnel losses (with the coefficient F), we calculated the absorption cross section s abs (on the assumption of the absence of saturation) by the formula
where N 0 is the concentration of Tm [1]) and l is the sample thickness (3 mm). The absorption spectrum measured at room temperature exhibits absorption lines from the ground 3 H 6 state of the Tm 3+ ion (Fig. 6 ). In the range of pump wavelengths (700 - 900 nm), we performed additional measurements with a step of 0.1 nm. Using the measurement results, we calculated by formula (2) the absorption cross section s abs to be 3.8 ´ 10 -21 cm 2 in the peak at l = 796 nm and 3.2 ´ 10 -21 cm 2 in the peak at l = 811 nm. Comparing the measured absorption spectrum of the ceramics with the published data for Tm 3+ : Lu 2 O 3 crystals, one can see that they well coincide both in the positions and widths of the spectral maxima and in the absorption cross sections (Fig. 7) . Outside the absorption lines of Tm 3+ ions, the ceramics transmission may be limited by scattering. The extinction coefficient (logarithmic scattering loss coefficient) in the studied sample was estimated to be smaller than 3 ´ 10 -2 cm -1 (at l ~ 840 nm).
Using an FTS-7000 (Digilab, now Varian) Fourier spectrometer, we studied the IR absorption spectrum of the ceramics in the region of 2.5 - 9 mm (spectral resolution ~1 cm -1 ) (Fig. 8) . We used a DTGS detector with a Peltier cooling element. These measurements showed a high transmission of the ceramics at wavelengths 2.5 - 7 mm.
Investigations of the luminescence spectrum
The luminescence spectrum of the Tm 3+ : Lu 2 O 3 ceramics under laser-diode pumping at l = 796 nm (Fig. 9) was measured using an MDR-41 (LOMO, St. Petersburg, Russia) monochromator and an FSA-G1 photoresistor. The pump beam intensity during measurements did not exceed 100 W cm -2 , which excluded absorption saturation.
In the range of 1.75 - 2.2 mm, the luminescence spectrum of the ceramics pumped by a laser diode at l = 796 nm contains strong lines peaked at l = 1942, 1965, and 2066 nm. The positions and intensity ratios of these maxima coincide with the corresponding data for Tm 3+ : Y 3 Al 5 O 12 crystals [7 - 10] with a good accuracy, restricted by the accuracy of digital reproduction of the literature data and by the accuracy of approximation of the detector frequency characteristic [compare curves ( 1 ) and ( 2 ) in Fig. 9 ]. It should be noted that the luminescence lines of the ceramics are smoother than the corresponding lines of the crystal. Similar difference in the luminescence lines near l = 2 mm was also observed for the Tm 3+ :Y 3 Al 5 O 12 ceramics and crystal, which was explained by an inhomogeneity of the Stark splitting of lines due to a difference in the electric fields inside crystallites and on their surfaces [26] .
Study of the refractive index of Tm 3+ :Lu 2 O 3 ceramics with a spectroscopic ellipsometer
Using a PhE-102 (Micro Photonics Inc.) spectroscopic ellipsometer, we measured the refractive index of two ceramic samples in the range l = 300 - 1200 nm with a resolution of ~1 nm (Fig. 10) . The absolute measurement error did not exceed 0.005. We studied a Tu 3+ : Lu 2 O 3 ceramic plate (20 mm in diameter and 3 mm thick) without antireflection coating. The measured refractive index of the ceramics was compared with the literature data for Lu 2 O 3 crystals [27] . To determine the refractive index at wavelengths of 1200 - 2100 nm (outside the measurement region), we used the Cauchy approximation of the Sellmeier formula in the form [28] ( ) ,
where A, B, and C are the fitting coefficients. Using MATLAB software, we selected A, B, and C coefficients so that the difference between the approximation results and the measured data does not exceed 10 The refractive index n at the pump radiation wavelength (~800 nm) was measured to be ~1.94. The approximation of its spectral dependence by formula (3) yields n » 1.92 at the laser wavelength ~2066 nm.
Study of lasing
We studied lasing in a specially prepared rod of Tm 3+ : Lu 2 O 3 ceramics (thulium concentration 2 at%) with a diameter of 3 mm and a length of 10 mm, whose faces were antireflection coated for the pump (~800 nm) and laser (~2066 nm) wavelengths. For better heat removal, the rod was wrapped in indium foil and mounted in a copper heatsink at a constant temperature of ~12 °C.
The laser cavity was formed by three mirrors: two plane dichroic mirrors M1 and M2 with high (~99.9 %) reflection coefficients for the region of 1.9 - 2.1 mm (the transmittance of mirror M2 at the pump wavelength was ~92 %, and mirror M1 was highly reflecting for the pump radiation) and an output mirror M3, whose parameters were varied in the course of experi ments (Fig. 11) .
As a pump source, we used Coherent (US) or Jenoptik (Germany) fibre-coupled diode lasers operating at l = 796 or 811 nm with the maximum output power up to 40 W. The pump radiation wavelength was tuned by changing the laser diode temperature to achieve the maximum output power. The diode array beam emitted from the multimode fibre face was focused through dichroic mirror M2 into the Tm 3+ :Lu 2 O 3 ceramic sample by a lens telescope consisting of a set of spherical lenses.
The output power of the Tm 3+ : Lu 2 O 3 laser was optimised by varying the cavity and pump beam parameters. In the scheme, we used output mirrors with different radii of curvature (¥, 200 and 300 nm) and transmittances (6 % and 11 %). The pump beam diameter in the active element was varied from 0.6 to 1 mm, and the position of its focal spot was moved to obtain the maximum output power.
Continuous-wave lasing was obtained in the case of pumping at both l = 796 nm and l = 811 nm (Fig. 12) . The maximum output power of ~9.3 W (at a slope efficiency up to ~40 %) was achieved in the scheme with a plane output mirror (transmittance ~11 %), a beam waist diameter of ~800 mm, and the minimum possible cavity length (~6 cm). Our analysis of the output beam spectrum using an MDR-21 monochromator showed that, in all cases, lasing occurred in the long-wavelength region, at the 2066-nm line with a half-width of ~4 nm.
Conclusions
Thus, in this work we studied the structural, spectroscopic, and optical characteristics of Tm 3+ : Lu 2 O 3 laser ceramics. The average grain size was found to be ~ 0.5 mm with a dispersion of 150 - 200 nm. We obtained cw lasing at l = 2066 nm under pumping by diode lasers at l = 796 and 811 nm. Our measurements allow us to conclude that the Tm 3+ : Lu 2 O 3 ceramics is promising for efficient high-power lasing in the two-micron wavelength region [29] . 
